In this paper, an artificial pollution test is carried out to study the leakage current of porcelain insulators. Fractal theory is adopted to extract the characteristics hidden in leakage current waveforms. Fractal dimensions of the leakage current for the security, forecast and danger zones are analyzed under four types of degrees of contamination. The mean value and the standard deviation of the fractal dimension in the forecast zone are calculated to characterize the differences. The analysis reveals large differences in the fractal dimension of leakage current under different contamination discharge stages and degrees. The experimental and calculation results suggest that the fractal dimension of a leakage current waveform can be used as a new indicator of the discharge process and contamination degree of insulators. The results provide new methods and valid indicators for forecasting contamination flashovers.
Introduction
In the power grid, outdoor insulation plays an important role in maintaining the reliability and security of the system. The insulator material, which must provide a long working lifetime under high field strengths and in heavily polluted areas, will adsorb significant quantities of pollution. Flashover will not occur for insulators in a dry environment. However, in a humid environment, the surface contamination of insulators becomes moist, leading to the ionization of soluble salts, a rapid increase of leakage current, and, ultimately, contamination flashover [1] . Contamination flashover threatens the security and reliability of the electricity supply and causes significant losses to the power system. As is widely the case in wild areas, the surface contamination of insulators is inevitable, meaning that pollution flashover can only be predicted, but not eliminated [2] .
A number of studies have provided insights into how to prevent contamination flashover, but these findings have not fundamentally solved the problem. A characteristic parameter that can fully reflect the insulator contamination degree is needed. Some of the common indicators recommended for this purpose are the equivalent salt deposit density (ESDD) [3] , the current pulse counting, the flashover voltage gradient [4] , the surface conductance, and the leakage current. The leakage current is affected by the operating voltage, temperature, humidity and chemical constitution of pollutants and provides a more comprehensive description of the state of the contaminated insulators than the other methods, therefore, the leakage current is regarded as one of the most effective dynamic predictive parameters [5] [6] [7] [8] [9] [10] . According to the root mean square (RMS) value of the leakage current, the contamination discharge development process can be divided into three stages, namely, the security zone, the forecast zone and the danger zone, and the boundary values are 50 mA and 150 mA [11] .
The three main factors affecting the leakage current are the operating voltage, contamination, and the operating environment (temperature, humidity and air pressure) [11, 12] . Because of the complexity involved in monitoring the on-site environment and severe climate change, the leakage current signal usually contains a significant amount of interference, noise and other unwanted signals. Thus, directly using the leakage current as an indicator of contamination flashover will lead to significant inaccuracies. To address this issue, active research has been focused on extracting the characteristics hidden in the waveform that best distinguish different degrees of contamination. For instance, recent studies extracted characteristics from time and frequency domain analysis of the waveform [13] [14] [15] . However, none of the characteristics can perfectly separate different degrees of contamination, since each characteristic can only reveal a certain aspect of the information in the waveform. The contamination degree forecast by a single characteristic is not satisfactory. A joint use of different characteristics can potentially boost prediction performance. This paper proposes a novel characteristic of the waveform based on fractal theory.
Fractal objects exhibit typical characteristics of nonlinearity, irregularity, and self-similarity. Leakage current waveforms of contaminated insulator show great discrepancy in regularity, smoothness under different contamination degrees and at different stages of discharge processes. These significant features, however, cannot be described through traditional characteristics from time and frequency domain analysis. Therefore, we attempt to adopt fractal theory to investigate the leakage current and develop the evaluation system of contamination forecast characteristics. Analysis of the fractal characteristics of the leakage current may lead to valuable results and provide new methods for the prediction of contamination. The advantages and disadvantages of three types of leakage current fractal dimensions were compared in [16] , but the variation in the fractal dimension during the contamination discharge process and the difference between the fractal dimensions under different contamination degrees were not examined. Thus, accurate forecasting of the contamination status has not yet been achieved.
In this paper, the leakage current characteristics are described by fractal ideology, and the fractal dimensions of the leakage current waveform are obtained using the transformation method of fractal theory. The analysis of the leakage current fractal dimensions under different contamination degrees and different discharge development stages shows that the leakage current fractal dimension in the contamination discharge development process is guided by a slow decline in the security zone, a rapid decline in the forecast zone, a shock increase in the danger zone, and finally an even more sudden increase during the flashover. Moreover, the fractal dimensions of different contamination degrees have different values. Test results indicate that the fractal dimensions of the leakage current can be effective predictors of the insulator contamination discharge development stages and the severity of the contamination, thereby providing new ideas and new features for the prevention of the occurrence of flashover.
Calculation of the Fractal Variation Method and the Fractal Dimension

Fractal Theory
A fractal entails a similarity between a part and the whole. Fractal geometry uses prevalent and irregular complex phenomena in nature and nonlinear systems as research objects and describes the general structure of a large class of non-smooth or irregular functions and collections that cannot be described by the traditional Euclidean geometry and calculus methods [17] . Fractal theory has been applied to many fields, provided effective methods for solving complex problems and led to some unique achievements [18, 19] . Actual fractals and random fractals have statistical self-similarity; in contrast, self-affine inerratic fractals have fractal properties only in the scale-less zone. For insulators that are exposed to a high field strength for a long time, the leakage current waveform measured under various circumstances is a random signal and the changes in the leakage current are non-smooth and irregular with highly nonlinear characteristics and statistical self-similarity. These features meet the requirements of a fractal, and the leakage current possesses fractal features over a certain range of scales.
The fractal dimension indicates the degree of fractal self-similarity, with fractions between integers representing the full extent and complexity of the fractal set, and describes the rough, broken, irregular, unsmoothness and complexity of certain systems. The importance of the fractal dimension lies in its being defined by data and approximated via experiments. The most common methods for calculating the fractal dimension are the box-counting, correlation dimension, power spectrum dimension and structural function methods. The box-counting method is the simplest and most widely used. Many fractal dimension concepts are a transformation of the box dimension. The box width conversion method [20] used in this paper and the box-counting method are essentially identical, as they both use a box of varying size to cover the graphics. However, the box width conversion method is more accurate than the box-counting method because (1) it allows the box number to be a non-integer and (2) the box number is obtained using all of the data points.
Calculation of the Fractal Dimension by the Conversion Method
The steps for calculating the fractal dimension using the conversion method are as follows:
(1) The fractal curve L to be analyzed is obtained. (2) A rectangular box of width r is set to cover the fractal curve. The height of the rectangle is equal to the difference between the value of the highest point, max(L), and the value of the lowest point, min(L), of the fractal curve in the box. The rectangle is moved over all of the data points stepwise, the products of the height and width of each rectangle are summed to obtain the total area S(r):
where M is the number of rectangle positions required to completely cover the data points. (3) The size of r is changed in series, and the above operation is repeated to obtain a series of S(r).
The fractal curve range should be much larger than the rectangle width r in the above operation process. S(r) divided by r 
It is critical to choose the linear range as the scale-less zone for the curve has fractal characteristics only in the scale-free zone. The choice of the scale-free zone is determined as follows. First, the approximate range of the linear part is artificially judged. Next, the curve is drawn of the slope changed with the scale r within the initial judged range. Finally, the range of the scale r, is selected such that the slope of the curve remains basically unchanged relative to that of the scale-free zone.
Laboratory Test Program
Test Devices and Samples
A large number of simulation tests were performed using an artificial fog chamber (4.0 m × 3.7 m × 4.0 m) located at the High Voltage Laboratory of Chongqing University, China. The test system is shown in Figure 1 . The power supply includes a shifting coil voltage regulator (TDJY-1000/10) and a test transformer (YDJ-900 kVA/150 kV) with a rated current of 6 A and a maximum short-circuit current of over 30 A, which meet the requirements for power sources in the artificial pollution tests of IEC60507 and GB/T4584-2004 [21] . The high voltage supply is connected to the fog chamber through a 110 kV wall bushing. The HV end is connected to an AC capacitance voltage divider (SGB-200A) with a divider ratio of 1:1000, which records the applied voltage in real time. The leakage current was monitored and recorded by a current transducer developed in our laboratory [22] . This broad-bandwidth current transducer is used for online insulation measurements and is equivalent to the mutual inductance element with a load resistance. The low-limit frequency is less than 10 Hz, and the high-limit frequency reaches 10 MHz without obvious attenuation. The current transducer not only has an extended pass band width but also ensures a sufficiently high sensitivity through the design of the electronic circuit and the choice of the appropriate number of turns for the wiring when the size of the winding and magnetic core material is determined. The transducer can accurately transmit the signal monitored by experimental verification, which offers a reliable method for online leakage current monitoring and the recognition of discharge patterns for insulators. Here, ρ ESDD and ρ NSDD are the equivalent salt and non-soluble deposit densities, respectively.
Test Method
The main purpose of the test series was to record the leakage currents of insulators under different contamination degrees and different discharge development stages under gradually increasing air humidity to extract the fractal characteristic quantity of the leakage currents for contamination prediction. The insulator samples were brushed according to the above four degrees of contamination.
The pre-contaminated samples were completely dried for 24 h before entering the fog chamber. Next, the samples were suspended vertically in the fog chamber. According to the IEC standard, clean steam fog was released into the fog room slowly and continuously. A thermo-hygrograph was used to measure the air humidity conditions in the fog chamber, with the air relative humidity gradually approaching saturation during the test process. An operating voltage of 20.2 kV was applied to each test sample for over 40 minutes. The leakage current sampling values were recorded continuously as the surface humidity of the samples gradually increased.
Analysis of the Test Results
The Fractal Dimension Calculation of the Leakage Current Waveform
The leakage current waveform data were imported into Matlab software for wavelet noise canceling. The leakage current amplitude and signal-to-noise ratio for a low contamination degree are smaller than those of a heavy contamination degree. Thus, for noise canceling, it is better to use the wavelet packet for minor contamination and the self-adaption threshold for major contamination.
The fractal dimensions of the leakage current data after wavelet noise canceling can be calculated using the previously described calculation steps to determine the fractal dimension. The scale-free region was chosen according to the aforementioned method. The curves with slope k change with the scales r in the scale-free region, as shown in Figure 2 . In the figure, the slope of the fractal dimension is negative and the scale r is the number of the leakage current data point. The scale range with the smallest slope change was selected as the scale-free zone. The scale range of r between 150 and 450 is the scale-free zone in Figure 2 . The leakage current waveform satisfies the self-similarity requirement only in this scale range, so the method for fractal dimension calculation described above can only be used in this range. The box number in the fractal dimension calculation method can be calculated using approach the standard sine wave or triangle wave, and an obvious periodicity can be seen. Meanwhile, the value of max(L) − min(L) declines more rapidly with increasing r in every section r of the wave curve L. Thus, N(r) also declines rapidly, increasing the slope of the linear part of the relation curve of lnN(r) and ln(1/r). Moreover, N(r) decreases more rapidly, the slope is greater, and the fractal dimension is greater when the waveform is more uniform. However, when the waveforms are non-uniform, i.e., the size differences of the waveform amplitudes are larger, the waveforms are uneven and lack obvious periodicity. The values of max(L) − min(L) and N(r) decline slowly with the increasing r, resulting in a smaller slope. Figure 3(a) shows the leakage current waveforms in the sample for ρ ESDD = 0.2 mg/cm 2 and ρ NSDD = 2.0 mg/cm 2 . The leakage current waveforms with different uniformities are observed to be entirely different. When the insulator is under a light contamination degree, it is due to the nature of the initiated partial discharges. As r increases, the rate of decline of max(L)−min(L) varies, i.e., the fractal dimensions differ. Figure 3(b) shows the fractal dimensions corresponding to three waveform uniformities, i.e., the slopes of the lines in the figure. The slope of the line is 1.964 for the uniform case, 1.8103 for the uneven case and 1.6376 for the extremely uneven case. The less even the waveforms are, the smaller the fractal dimensions become, in agreement with the above analysis. Due to the differences in the uneven character and complexity in each discharge phase of the leakage current, the fractal dimensions can be used to distinguish the discharge stage, forecast the discharge development trend and predict contamination flashover. 
Relationship between the Fractal Dimension Indicators and the Humidity
Following the testing program instructions, the relative humidity of the environment was increased without interruption, the leakage currents of the insulator strings were continuously monitored and the fractal characteristics of the leakage current were extracted. The changes in the ambient humidity can be divided into three stages: low humidity (20%-50%), moderate humidity (50%-85%) and high humidity (>85%). The leakage current waveforms measured in the three humidity stages and the Figure 4 , where the upper graph in each figure is the leakage current local wave of the corresponding humidity level and the lower graph is the subsection fractal dimensions of the leakage current divided into 15 data segments by humidity level. The leakage current data measured in the three humidity stages were divided into 15 equal segments in chronological sequence in the figure. Figure 4 shows that the leakage current waveforms and the changes of the subsection fractal dimension are distinct for each humidity level. The leakage current under low humidity is very small, with effective values generally below 50 mA. Therefore, the light humidity condition falls within the security zone, in which the leakage current exhibits a smaller discharge and a smooth waveform. Due to the initial waveform of the security zone, the leakage current is uniform without a pulse and the amplitude is gradually increasing. As the conditions approach the forecast zone, a small pulse appears. As the test proceeds, the fractal dimension of the leakage current in the security zone slowly decreases at the beginning and then decreases in an oscillatory fashion but with only a slight attenuation in the amplitude.
The leakage current waveform under moderate humidity fluctuates greatly and exhibits effective values in the range of 50 to 150 mA, corresponding to the forecast zone. Here, the insulators discharge strongly and small bright and frequent arcs can be observed. The dry bands are continuously becoming moist, and many pulses are observed. The waveform is not smooth and exhibits no obvious periodicity. The crest peaks are very steep. The waveform unevenness is quite high, as is the test duration. The waveform unevenness gradually increases, and its fractal dimensions decline rapidly.
The leakage currents under high humidity increase suddenly and dramatically, accompanied by leakage current waveform distortion. The RMS values exceed 200 mA, corresponding to the danger zone. The unevenness is less than that for moderate humidity, but is less uniform than that for low humidity. Here, the insulator discharge is very strong, the arc substantially increases, and the discharge sound becomes increasingly loud. When the arc suddenly breaks through the insulator surface, flashover occurs. The leakage current amplitude is extremely large and appears as a uniform sine wave. The leakage current in the danger zone oscillates between large and small values and gradually approaches a periodic wave. The fractal dimension increases with a small variation range. When flashover occurs, the fractal dimension suddenly jumps to an extremely high value over a large variation range.
In the test, the variation in the insulator leakage current waveforms and the subsection fractal dimensions under different humidity conditions for the four different degrees of contamination are similar to the law described above. To further analyze the variation law of the fractal dimensions under different humidity conditions and extract the fractal dimension indicators for the different discharge stages, we use the flashover insulators with a contamination degree of ρ ESDD = 0.2 mg/cm 2 as an example, with the fractal dimensions D of the different discharge stages calculated as shown in Figure 5 . As shown in this figure, during the test process, the fractal dimensions change significantly. The early discharge under low humidity is in the security zone, exhibiting a low discharge quantity, and the leakage current waveform is uniform. Here, the fractal dimension decreases slowly, which can be seen in the 1-10 data segment in this figure. The amplitude declines slightly from 1.9101 to 1.8766, an overall decrease of 0.0335. As the humidity increases, the discharge intensity gradually increases and the discharge enters the forecast zone. In this case, a large number of pulses appear in the leakage current and the waveform is extremely uneven. The fractal dimensions sharply decline and the rate of decline increases, as seen in the 11-18 data segment. The amplitude declines from 1.8989 to 1.6354, with a large range of decrease of 0.2635. The discharge becomes unstable when approaching the danger zone. The current amplitude oscillates between large and small and the uneven extent is reduced compared with the forecast zone. As seen in the 19-28 data segment, the fractal dimensions slowly increase from 1.6371 to 1.7228, with a relatively small overall increase of 0.0857. When flashover is about to occur, the leakage current increases rapidly, the current waveform becomes more uniform and the fractal dimensions suddenly increase, reaching a value exceeding 1.95, as seen in the data segment after 29 with an amplification of over 0.25. In summary, as the ambient humidity in the fog chamber gradually increases from low humidity through moderate humidity and finally reaches high humidity, the leakage current experiences three discharge stages: the security zone, the forecast zone and the danger zone. Throughout the discharge process, the leakage current amplitude gradually increases from the security zone to the danger zone, with the waveform exhibiting an extent in the security zone, forecast and danger zones that is uniform, extremely uneven and uneven, respectively, and is quite uniform when flashover occurs. The fractal dimensions of the leakage current slowly decline in the security zone, rapidly decrease in the forecast zone and dramatically increase in the danger zone. The values and variation of the fractal dimension D significantly reflect the characteristics of the insulator leakage currents in the different discharge development stages. Figure 6 . For a salt density ρ ESDD of 0.06 mg/cm 2 , i.e., minimal insulator surface contamination, the discharge is weak and the leakage current is very small and relatively uniform. There are no significant pulses. The fractal dimensions were higher and exhibited a smaller variation with no sharp decreases or increases. The insulator discharge process for ρ ESDD = 0.12, 0.2 and 0.25 mg/cm 2 can be categorized as the security, forecast and danger zones, respectively, and the changes in the fractal dimensions were consistent with the law described in Section 4.2.
Thus, for mild contamination, the leakage current fractal dimensions are higher and do not exhibit an obvious decrease or increase. However, for heavy contamination, the fractal dimension exhibits a significant 3-section change. First, the variation of fractal dimension D decreases slowly from 1.9 to 1.85, indicating that the leakage current is in the security zone. Second, the rapidly declining variation of D from 1.85 to 1.6 is characteristic of the forecast zone. Third, the rapidly increasing variation of D from 1.6 to 1.8 is characteristic of the danger zone. Finally, D exceeding 1.95 is characteristic of flashover. This variation of the fractal dimension D can be employed to predict the contamination degree and the discharge development trend. Figure 6 also shows that the leakage current fractal dimensions differ by degree of contamination. As the degree of contamination increases, the fractal dimension values exhibit a universally decreasing trend. The more serious the contamination is, the more intense the insulator discharge and the denser the number of pulses. In addition, the partial degree of unevenness of the leakage current waveform is greater. The more uneven the leakage current waveform is, the smaller the fractal dimension reflecting its local details.
The leakage current fractal dimensions under different degrees of contamination are very similar and difficult to distinguish in the security zone. However, the differences in the numerical values are evident in the forecast zone. To further analyze the relationship between contamination degree and fractal dimensions, the leakage current fractal dimensions in the forecast zone (shown in Figure 6 ) were investigated. The mean D m and standard deviation D e of the fractal dimensions for the four types of contamination degree are shown in Figure 7 and Figure 8 , respectively. As seen in these figures, the mean D m decreases by 0.0438, 0.0325 and 0.0212 with increasing contamination. However, the standard deviation D e increases with increasing contamination with a gradually decreasing slope. Thus, the more serious the contamination is, the smaller the mean value and the higher the standard deviation of the fractal dimension. Moreover, with higher contamination, the difference between the D m and D e for different contamination degrees gradually decreases, which reflects the divergence of the discharge intensity for different contamination degrees. The more serious the contamination is, the smaller is the difference of the discharge intensity degree. A mean D m less than 1.8 and a standard deviation D e greater than 0.1 for the leakage current fractal dimension in the forecast zone is characteristic of heavy contamination. If the leakage current fractal dimensions in the forecast zone surpass these two thresholds, the contamination is very severe and contamination flashover is likely. Consequently, the leakage current fractal dimension can be used to indicate the contamination degree in the forecast zone and prevent the occurrence of contamination flashover. 
Discussion and Conclusions
The extracted fractal characteristics of the leakage current waveform are indicative of features in the contamination discharge development and can be used to indicate the degree of contamination. The differences in the fractal characteristics for different discharge development stages under different contamination degrees were analyzed. The conclusions are as follows:
(1) The fractal dimensions for insulator leakage current waveforms vary with uniformity. The fractal dimensions increase for waveforms with greater uniformity. (2) The leakage current waveform fractal dimensions are extracted in each of the three zones of contamination discharge: the security zone, the forecast zone and the danger zone. The variations in the characteristics of the fractal dimensions of the three zones are obvious, and the reference values of the fractal dimension variation for each of the three zones are provided. De (3) Different magnitudes of the leakage current fractal dimension are observed for the different contamination levels. No partition of the three zones is evident for mild insulator contamination. However, the characteristics of the three zones are obvious for severe contamination. The fractal dimensions exhibit an overall decreasing trend as the degree of contamination increases. (4) Based on the extracted mean and standard deviation of the fractal dimension in the forecast zone, the more serious the contamination is, the smaller the mean and the greater the standard deviation.
In this paper, we have clearly shown the relevance of fractal dimensions in predicting the contamination degree and discharge process of insulators. To apply our findings, a learning machine such as support vector machine can be trained using the fractal dimensions as an input feature. To further improve the prediction power, it is promising to combine the fractal dimension with other relevant features in building up a predictive model.
